The Selaginella Genome Identifies Genetic Changes Associated with the Evolution of Vascular Plants
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Engstrom, 23 Mark Estelle, 24 Liang Feng, 25 Cédric Finet, 26 Hiwatashi, 4, 5 Masaki Ishikawa, 3 Mineko Iwata, 3 Kenneth G. Karol, 13 Barbara Koehler, 18 Uener Kolukisaoglu, 37,38 Minoru Kubo, 3 Tetsuya Kurata, 3, 39 Sylvie Lalonde, 27 Kejie Li, 8 Ying Li, 8, 40 Amy Litt, 13 Eric Lyons, 41 Gerard Manning, 19 Takeshi Maruyama, 1C ) from the sporophyte and a gametophyte generation that develops independently of the sporophyte. Because the lycophytes are an ancient lineage that diverged shortly after land plants evolved vascular tissues ( Fig. 2A ) (1), we sequenced the Selaginella genome to provide a resource for identifying genes that may have been important in the early evolution of developmental and metabolic processes unique to vascular plants. The Selaginella genome was sequenced using wholegenome shotgun sequencing (2) . The assembled genome size (212.6 Mbp) is twice that determined by flow cytometry (3), indicating that the assembled genome includes two haplotypes of ~106 Mbp that are 98.5% identical at the nucleotide level. A deduced haplotype has 22,285 predicted protein-coding genes, of which 37% are supported by EST sequences, and 58 microRNA (miRNA) loci (2, 4) . The Selaginella genome lacks evidence of an ancient whole genome duplication or polyploidy (2) , unlike all other sequenced land plant genomes (5-7). Gene density in Selaginella and Arabidopsis, which has a slightly larger genome size, is very similar (2), and both genomes having gene-poor regions rich in transposable elements (TEs) and other repetitive sequences (2) . While fewer genes and smaller introns (2) contribute to a genome size smaller than Arabidopsis, this is offset by a greater proportion of TEs in Selaginella (37.5% vs. 15% in Arabidopsis) (2) . LTR retrotransposons are the most abundant TEs, occupying onethird of the Selaginella genome (2) .
Plant TEs and MIRNA loci are significant sources of small RNAs (sRNAs) that function to epigenetically regulate TE and gene activity (8) . Several observations suggest that some aspects of epigenetic or post-transcriptional gene regulation in Selaginella are unique among plants. For one, the proportion of sRNAs 23-24 nt in length is extraordinarily small in the Selaginella sRNA population (2) compared to angiosperms (9) . Nearly three-quarters of the Selaginella sRNAs (4) map to MIRNA loci and are predominantly 21nt in length (2) . In angiosperms, 24nt siRNAs, which are generated primarily from TEs, function to silence TE activity through the RdDM pathway (10-12) and accumulate massively in specific cells of the female gametophyte (13) . Since the Selaginella sRNA population was generated from sporophytic tissues, the 24nt siRNA pathway may only be deployed during gametophyte development in Selaginella. A second distinction is the absence of DCL4, RDR6 and MIR390 loci in Selaginella, which are required for the biogenesis of transacting siRNAs (tasiRNAs) in angiosperms (2) . Their absence suggests that tasiRNA-regulated processes in angiosperms, including leaf polarity (14) and developmental phase changes in the sporophyte (15, 16) , are regulated differently in Selaginella, and possibly reflects the independent origins of foliar organs in the lycophyte and angiosperm lineages (17, 18) . Finally, the Selaginella plastome sequence reveals an extraordinarily large number of RNA edited sites (2), as do other lycophyte organellar genomes (19, 20) . This coincides with an extraordinarily large number of PPR genes in Selaginella (>800; (2), some of which guide RNA editing events in angiosperms (21) .
Because Selaginella is a member of a vascular plant lineage that is sister to the euphyllophytes, we used comparative and phylogenetic approaches to identify gene origins and expansions coinciding with evolutionary innovations and losses in land plants. To identify such genes without regard to function, we compared the proteomes of the green alga Chlamydomonas, the moss Physcomitrella, Selaginella, and 15 angiosperm species, identified gene families that are related by homology by hierarchical clustering (2), and then mapped them onto a phylogenetic tree (Fig. 2B) . The 3814 families with gene members present in all plant lineages define the minimum set of genes that were likely to be present in the common ancestor of all green plants and their descendants and include genes essential for plant function. The transition from single-celled green algae to multicellular land plant approximately doubled the gene number with the acquisition of 3006 new genes. The transition from non-vascular to vascular plant is associated with a gain of far fewer new genes (516) than the transition from a basal vascular plant to a basal euphyllophyte whose descendents include the angiosperms (1350). These numbers show that the evolution of traits unique to euphyllophytes or angiosperms required the evolution of about three times more new genes than the transition from a plant having a dominant gametophyte and simple, leafless and non-vascularized sporophyte (typified by modern bryophytes) to a plant with a dominant, vascularized and branched sporophyte with leaves.
In a second approach, we analyzed the phylogenies of genes known to function in Arabidopsis development (2) . We identified 424 monophyletic groups of developmental genes, each group containing putatively all genes descended from a common land plant ancestral gene (table S6) . Selaginella and Physcomitrella genes are present in 377 (88%) and 356 (84%) of the 424 land plant orthologous gene groups, respectively, indicating that the common ancestor of land plants had most of the gene families known to direct angiosperm development. Conspicuous expansions of families within different lineages resulted in different numbers of land plant orthologs in each genome (table S6) . The 27 vascular plantspecific orthologous groups likely represent genes associated with developmental innovations of vascular plants. Among them are genes regulating the meristem (CLV1 and CLV2), hormone signaling (GID1, CTR1) and flowering (TFL2 and UFO). Interestingly, homologs of genes involved in the specification of xylem (NST and VND) (22) and phloem (APL) (23) in Arabidopsis are present in Physcomitrella and Selaginella, suggesting that the developmental programs for patterning and differentiation of vascular tissues were either present in, or co-opted from preexisting genetic programs in the ancestral land plant. The 43 groups lacking genes from Physcomitrella and Selaginella (table S6) Altogether, these results suggest that the evolutionary transitions from a non-vascular plant to a vascular to angiosperm included the stepwise addition of components of some developmental pathways, especially those regulating meristem and hormone biology, as previously noted for the gibberellin signaling pathway (24, 25) .
Genes involved in secondary metabolism were also investigated because plants synthesize numerous secondary metabolites that they use to interact with their environment. Three gene families involved in their biosynthesis, including those encoding cytochrome P450-dependent monooxygenases (P450s), BAHD acyltransferases (BAHDs) and terpene synthases (TSs), were analyzed. The largest of these in Selaginella is the P450 family, accounting for 1% of its predicted proteome (table S7) (2). All three families show similar evolutionary trends, with the inferred ancestral vascular plant having a small number of genes that radiated extensively but independently within the lycophyte and angiosperm lineages (figs. S6-13). BAHD and TS genes, which are known to be involved in the biosynthesis of volatile odorants, are apparent only in seed plants (figs. S12-13), likely reflecting the co-evolution of seed plants with animals that pollinate flowers or disperse seeds. The independent diversification of these gene families plus the large number of Selaginella genes suggest that Selaginella not only has the potential to synthesize a repertoire of secondary metabolites that rivals the angiosperms in complexity, but that many of them are likely to be unique. Some have been shown to be of pharmaceutical value (e.g., (26) ).
We have used the compact Selaginella genome sequence to uncover genes associated with major evolutionary transitions in land plants. Understanding their functions in Selaginella and other taxa, as well as acquiring the genome sequences of other informative taxa, especially charophytes, ferns and gymnosperms, will be key to understanding the evolution of plant form and function. 
